Correlation and assessment of structural airplane crash data with flight parameters at impact by Carden, H. D.
NASA 
Technical 
Paper 
2083 
November 1982 
Correlation  and  Assessment 
of Structural Airplane 
Crash  Data  With  Flight 
Parameters at Impact 
NASA ; : 
TP I 
2083 .- 
c .1  
Huey D. Carden 
https://ntrs.nasa.gov/search.jsp?R=19830006250 2020-03-21T04:52:33+00:00Z
TECH LIBRARY KAFB, NM 
NASA 
Technical 
Paper 
2083 
1982 
National Aeronautics 
and Space Administration 
Scientific and Technical 
Information Branch 
00b7b58 
Correlation and Assessment 
of Structural Airdane 
Crash Data Witg Flight 
Parameters at Impact 
Huey D. Carden 
Langley  Research  Center 
Hampton, Virginia 
I 
S IJMMARY 
An analysis  has  been made of crash-decelerat ion pulse  data  from a crash-dynamics 
program on genera l  av ia t ion  a i rp lanes  and  from t ranspor t  c rash  da ta  ava i lab le  i n  the 
l i t e r a t u r e .  This crash-dynamics  program  has  been a j o i n t  e f f o r t  s i n c e  1973 by the  
National  Aeronautics and  Space  Administration (NASA) and the Federal  Aviation 
Administration ( F A A ) .  The purpose of the   ana lys i s  was t o  c o r r e l a t e  and a s s e s s  s t r u c -  
t u ra l  a i rp l ane  c ra sh  da ta  w i t h  f l iqh t  parameters  a t  impact .  
I n  the analysis,  assumptions made to  s impl i fy  the  complex c ra sh  scena r io  l ed  to  
uncoupled  equations  for  the  normal and longi tudinal  f loor  impulses  (decelerat ion 
multiplied by du ra t ion )  i n  the  cabin  area  of  the  airplane.   Analytical   expressions 
for  s t ruc tura l  c rush ing  dur ing  impact  and for  the  a i rp lane  hor izonta l  s l ide-out  were 
also  determined. Good agreement was found  between  experimental and a n a l y t i c a l  d a t a  
for  genera l  av ia t ion  and t ranspor t  a i rp lanes  over  a r e l a t i v e l y  wide ranqe of  impact 
parameter. 
Since the analysis  yielded only the product  of the  dece lera t ion  and durat ion 
(not   ampli tudes) ,  two possible   appl icat ions  are   presented:  a postcrash  evaluation  of 
crash parameters and  an  assumed crash scenario.  
Although the values of a i rp lane  c rash- tes t  parameters  assoc ia ted  wi th  the  da ta  
of th i s  repor t  cannot  he considered comprehensive for a l l  c r a s h  s i t u a t i o n s  encoun- 
tered by l i g h t  a i r p l a n e s ,  it is  be l ieved  tha t  these  va lues  a re  typ ica l  o f  a l a rge  
percentaqe of c ra sh  s i tua t ions .  Thus, these  data   are   bel ieved  to  he of qeneral   s ig-  
nificance reqarding the assessment of expected loads a t  the  sea t /occupant  s t ruc tura l  
in te r face  for  qenera l  av ia t ion  a i rp lanes  dur ing  ser ious  but  po ten t ia l ly  surv ivable  
crashes.  
INTRODUCTION 
During recent years,  increased emphasis has been  focused on causes of passenqer 
i n j u r i e s  and f a t a l i t i e s  r e s u l t i n q  from severe ,  bu t  po ten t ia l ly  surv ivable ,  a i rp lane  
accidents .  The National  Advisory Committee for  Aeronautics ( N A C A )  conducted  ful l -  
s ca l e   a i rp l ane   c r a sh   t e s t s  i n  the 1950's ( r e f s .  1 t o  3) w i t h  instrumented  a i rplanes 
and la te r  s tud ied  the  dynamic response of s ea t  s t ruc tu res  to  impac t  l oads  ( r e f .  4 )  
which led to an update i n  s t a t i c  s ea t  r equ i r emen t s .hy  the  C i v i l  Aeronautics 
Administration. I n  the 1960's, the  Federal   Aviation  Administration (FAA)  conducted 
t r anspor t  c r a sh  t e s t s  ( r e f s .  5 and 6), and the U.S. Army inves t iga ted  Army he l i cop te r  
and fixed-wing airplane accidents and i d e n t i f i e d  c r a s h  i n j u r i e s  and injury-causing 
mechanisms. The A r m y  a l s o  embarked upon a substant ia l   crashworthiness   research  pro-  
gram which culminated i n  an o r ig ina l  pub l i ca t ion  i n  1967 of the Aircraft  Crash 
Survival  Design  Guide.  Reference 7, which is  a rev is ion  of th i s   qu ide ,   conta ins  
c r i t e r i a  t o  gu ide  des igne r s  of Army a i r c r a f t  i n  using special  features  for  improving 
crash  safe ty .  
Since 1973, the  National  Aeronautics and  Space  Administration ( N A S A )  and the FAA 
have conducted a j o i n t  s t u d y  program on crash dynamics of genera l  av ia t ion  a i rp lanes  
under   control led,   f ree-f l ight   impact   condi t ions.   (See  refs .  8 t o  13.) The objec t ive  
of these  s tud ies  was to  determine the dynamic  response of a i r p l a n e  s t r u c t u r e s ,  s e a t s ,  
e 
and occupants during a c rash  and  to  de te rmine  the  e f fec t  o f  f l igh t  parameters a t  
impact (i.e., f l i gh t  ve loc i ty ,  f l i gh t -pa th  ang le ,  p i t ch  anq le ,  roll anqle ,  and  ground 
condi t ion)  on the  load  and  s t ruc tura l  damage experienced by the airplane and/or occu- 
pants.  During  the  proqram, 21 con t ro l l ed ,   fu l l - s ca l e   c r a sh  tests were performed  on 
s ingle-engine  and  twin-engine  general   aviat ion  a i rplanes.   Reference 14  provides 
general  backqround  information  on  this  program. The r e s u l t s  have  provided a suhstan- 
t i a l  data  base on crash behavior of a i r p l a n e s  h e r e t o f o r e  u n a v a i l a b l e  i n  t h e  l i t e ra -  
ture.   Concurrently  with  the FAA, Civi l   Aeronaut ica l   Medica l   Ins t i tu te  (CAMI) has  
conducted an extensive, dynamic seat-test  proqram  on g e n e r a l  a v i a t i o n  and 1J.S. Army 
he l i cop te r  seat designs.  
The purpose of t h i s  pape r  i s  to  p re sen t  t he  r e su l t s  o f  an  ana lys i s  of the crash- 
dece le ra t ion  pu l se  data from the  NASA/FAA c rash  tests t o  assess t h e  e f f e c t s  of va r i -  
ous f l iqht  parameters  a t  impact on the  t rends  of  these  dece lera t ions .  The ana lys i s  
examined dece le ra t ion  time h i s t o r i e s  r e s u l t i n g  from v e r t i c a l  and lonqi tudina l  decel- 
e ra t ions  wi th  r e spec t  t o  the  a i rp l ane  axes ,  e f f ec t ive  s t ruc tu ra l  c rush ing  du r ing  the  
major impact phase,   and  the  a i rplane  s l ide-out   dis tances .  Data are also  included 
from crash tests of t r anspor t   a i rp l anes .  (See r e f s .  1 ,  2, and 5. ) Although the  
airplane crash-test  parameters  associated with the data  of th i s  repor t  cannot  he  
considered comprehensive for all crash  s i tua t ions  encountered  by l i g h t  a i r p l a n e s ,  
they are hel ieved to  he typical  of  a large percentage  of  c rash  s i tua t ions .  Thus, t h e  
data are be l i eved  to  be of general  significance reqarding the assessment of expected 
loads a t  the  sea t /occupant  s t ruc tura l  in te r face  for  var ious  qenera l  av ia t ion  a i r -  
p lanes  dur ing  ser ious  b u t  p o t e n t i a l l y  s u r v i v a b l e  c r a s h  s i t u a t i o n s .  
SYMBOLS 
ho r i zon ta l  d i s t ance  from po in t  of v e r t i c a l  ( g r a v i t y  a x i s )  f o r c e  t o  a i r p l a n e  
center  of  grav i ty  
force  
acce le ra t ion  due t o  g r a v i t y  
v e r t i c a l  d i s t a n c e  from impact surface to airplane center of g rav i ty  
mass moment of i n e r t i a  of a i r p l a n e  i n  p i t c h  
shape factor  on c rush  d is tance  
S 
s C  
t 
A t  
V 
AV 
mass 
s l ide-out  
s t r u c t u r a  
time 
ifis t a n c e  
1 crush d 
pulse  dura t ion  
ve loc i ty  of a i rp l ane  
change i n  v e l o c i t y  
i s tance  (normal  to  impact  sur face)  
2 
X 
'a 
X a  
Xa,  max 
.. 
.. 
X 
.. 
Z 
'a 
Za 
Za, max 
z 
=a 
Y 
e 
P 
w 
hor i zon ta l  g rav i ty  ax i s  
longi tudina l  a i rp lane  ax is  
l ong i tud ina l   dece le ra t ion   i n   a i rp l ane  Xa-axis,  xa/g, g u n i t s  
maximum longi tudina l  dece lera t ion ,  g u n i t s  
longi tudina l   dece lera t ion  i n  X g rav i ty   ax i s  
longi tudina l  dece lera t ion  i n  a i rp lane  X -axis  
normal ( v e r t i c a l )  g r a v i t y  a x i s  
v e r t i c a l  a i r p l a n e  a x i s  
normal ( v e r t i c a l )   d e c e l e r a t i o n  i n  a i rplane  za-axis ,   ia /g ,  g u n i t s  
maximum normal deceleration, g u n i t s  
normal  deceleration i n  Z g rav i ty   ax is  
normal ( v e r t i c a l )  d e c e l e r a t i o n  i n  airplane  Za-axis 
f l igh t -pa th  angle  of a i rp l ane  a t  impac t  
p i tch  angle  of a i rp l ane  a t  impac t  
c o e f f i c i e n t  of f r i c t i o n  
a 
a n g u l a r  v q o c i t y  
w angular   acce le ra t ion  
Abbreviations : 
c.g.   center  of  gravity 
F.S. fu se l age   s t a t ion  
G.A. genera l   av ia t ion  
WL water l i n e  
Subscr ipts :  
a a i rp l ane  
I fp  f l i g h t   p a t h  
h ho r i zon ta l  
n s  normal to   impact   sur face  
3 
peak 
X-axis i n  gravity system 
Z-axis i n  gravity system 
associated with major longitudinal impact 
associated with s l ide-out  
ANALYSIS  OF CRASH SITUATION AND DISCUSSION  OF RESULTS 
The crash data presented i n  t h i s  repor t  were derived from con t ro l l ed  fu l l - sca l e  
c r a s h  t e s t s  of gene ra l  av ia t ion  a i rp l anes  ( r e f s .  8 t o  13)  conducted a t  t h e  Langley 
Impact Dynamics Research Faci l i ty  and  from fu l l - sca l e  t r anspor t -  and f iqh te r - a i rp l ane  
t e s t s  i n  references 1, 2,  and 5 .  A range of f l i qh t -pa th   ve loc i ty ,   p i t ch   anq le ,  and 
f l iqht-path angle  of d i f f e ren t  a i rp l anes  impac t inq  e i the r  a conc re t e  o r  d i r t  su r f ace  
w a s  tested t o  a s s e s s  t h e  e f f e c t s  of these var iables  on the  dece lera t ions  i n  the cabin 
a rea .  
A n a l y s i s  
Crash  dynamics.-  This sec t ion  presents  a discussion and ana lys i s  of  a c rash  
s i tua t ion   such   a s   t ha t  shown i n  f i gu res  1 and 2. Obviously, a crash is  a  complex 
occurrence with a va r i e ty  of parameters  cont r ibu t ing  to  the  a i r f rame loads  dur ing  
impact.  Aerodynamic, p l a s t i c ,   e l a s t i c ,  and f r i c t i o n a l   f o r c e s   i n t e r p l a y   t o  remove the 
kinet ic  enerqy of the  a i rp lane  and t o  chanqe  the  path  and a l t e r  t h e  a t t i t u d e s  of t he  
a i rp lane .  A s  these  events  occur,   the  seat/occupants  respond  to  the  loads and  motions 
of the  crash.  Figures 1 and 3 p re sen t  s t ruc tu ra l  c r a sh  behav io r  and f loo r -  
dece lera t ion  pulses  from reference 1 1  f o r  a genera l  av ia t ion  a i rp lane  and decelera-  
t ion  da ta  from references 2 and 5 fo r  t r anspor t  and f i g h t e r  a i r p l a n e s  t o  i l l u s t r a t e  
some of the dynamics of the complex crash scenario and t o  show representat ive decel-  
erat ion pulse  shapes.  
The photographic  sequence i n  f igu re  l ( a )  i l l u s t r a t e s  t h e  c r a s h  dynamics of a 
s ingle-engine,  general  aviat ion type of high-wing-airplane test specimen during a 
pi tched-down,  posi t ive-rol l  ( r ight  wing down) c r a s h  s t a r t i n g  a t  -0.022 sec before  
i n i t i a l  ground c o n t a c t  d u r i n g  t h e  f r e e - f l i g h t  s t a t e  a f t e r  c a b l e  s e p a r a t i o n .  The 
a i rp l ane  specimen contacted the impact surface on the nose landing gear with a veloc- 
i t y  of 25.9 m/sec along a f l igh t -pa th  angle  of -34.5O and a t  a pi tch anqle  of -39.0° ,  
a r o l l  a n g l e  of 1 8 . 6 O ,  and a yaw angle of 3.2O.  The nose gear  s tar ted to  col lapse,  
and the  engine cowling contacted the impact surface 0.028 s e c  a f t e r  i n i t i a l  ground 
contact followed by t h e  s ta rboard  wing t i p  a t  0.035 sec. The windshield  beqan  to 
d e f l e c t  and t h e  f i r e  wall s t a r t ed  to  pene t r a t e  t he  cab in  a t  0.060 sec.  A t  the same 
time, t h e  a f t  s e c t i o n  of the fuselaqe beqan t o  deform  and the s tarboard landing qear  
contacted  the  impact  surface.  The port   landinq  qear  contacted  the  impact  surface a t  
0.130 sec into the impact ,  and the  por t  wing immediately thereafter broke away from 
the fuselaqe a t  t h e  a f t  s p a r  and rotated forward around the front spar.  
The approximate pi tch at t i tude was retained  during  crash  impact.  A t  0.15 sec,  
the  a f t  cab in  sec t ion  p i tched  forward  about  I O o  as a r e s u l t  of main landing-gear 
spring  back. The a i rp l ane  then  se t t l ed  back to  about  a 45O angle and continued t o  
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sk id  t o  a s top .  The fuselage  cabin  remained a t  about  the same p i t c h ,  r o l l ,  and yaw 
angles as those  of  the  in i t ia l  impact  a t t i tude .  
Time h i s t o r i e s  of the  dece lera t ions  on the  cab in  f loo r  a re  p re sen ted  in  f iq -  
ure 1 ( b ) .  The normal  and longi tudinal  decelerat ions extended to  -2Og, except  for  the  
f i r e  w a l l  a t  t he  f loo r .  The f i r e  w a l l  contacted the impact surface and experienced 
-35g a t  about  the time t h a t  t h e  s t r u c t u r a l  p e n e t r a t i o n  of the  cabin  began. The long- 
i t ud ina l  dece le ra t ions  began a t  about the time that the engine cowling contacted the 
ground a t  0.028 sec.  Normal dece lera t ions  were somewhat delayed, did not s tar t  u n t i l  
cabin penetrat ion had reached i ts  maximum, and extended only over about 0.060 sec.  
The normal decelerations w e r e  a l s o  lower than the lonqitudinal deceleration, as would 
be expected because the airplane struck nose-on  and s t ayed  in  tha t  pos i t i on  du r inq  
s l ide-out .  The a i rp l ane  f loo r  dece le ra t ions  were r e l a t i v e l y  low because  the  a i rplane 
s t r u c t u r e  absorbed much of the impact energy through s t r u c t u r a l  crushing. 
The shape of the pulses  i n  f i gu re  l ( b )  for both the normal and longitudinal 
decelerat ions  can be approximated  with a t r iangular   shape.  This approximation is 
used i n  the  ana lys i s  of th i s  paper .  
A photographic sequence of a twin-engine,  general  aviation type of a i rp l ane  
crash is  shown i n  f i gu re  2 f o r  a typical impact sequence of a t e s t  w i t h  y = -3OO 
and 0 = -3OO. The photographic  sequences  are a t  0.05-sec  intervals,   with  f ig- 
ure  2(b)  showing  conditions  just   prior  to  impact.   Crushing of the  nose i s  s t a r t i n g  
i n  f i g u r e  2 ( c ) .  The photograph i n  f i g u r e  2 ( d )  shows the  engine making contact  and 
digging  into  the  impact   surface.  The i n i t i a l  movement of the dummy occupant,  as  seen 
through  the window (bu t  no t  r ead i ly  v i s ib l e  i n  th i s  sequence) ,  occurs  i n  f i gu re  2 (d ) .  
Shown i n  f i gu re  2( e )  a r e  t h e  wing t i p s  l y i n g  f l a t  on the impact surface and the cabin 
deformation which r e s u l t s  i n  the window being broken adjacent  to  the f i rs t  passenger  
and  the  door  being  opened.  Figure  2(h) shows the  slapdown of t h e  a f t  c a b i n  s e c t i o n  
with  pronounced s k i n  buckling  behind  the  door.   Deceleration  pulse  shapes  similar  to 
those representat ive time h i s t o r i e s  i n  f i g u r e  l ( b )  were  noted  also  for  this -3OO t e s t  
a s  w e l l  a s  f o r  a l l  t h e  s e r i e s  of a i rplane crash tes ts  conducted i n  the  crash-dynamics 
program. 
Fiqure 3 shows representa t ive  dece lera t ions  for  a t r anspor t  and a f i q h t e r  a i r -  
plane.   (See  refs.  2 and 5.) The same t r i anqu la r   dece le ra t ion   pu l se  i s  noted i n  
t hese  a i rp l ane  c ra sh  t e s t s  a s  i n  the  genera l  av ia t ion  a i rp lanes ;  however, the  dura- 
t ion  of the pulses  i s  qenerally lonqer as a r e s u l t  of the higher  veloci t ies  and 
grea te r  s t ruc tura l  d i s tances  ava i lab le  to  d iss ipa te  the  impact  energy  i n  this  type of 
a i rp lane .  Dura t ions  a re  bas ica l ly  between 0.15 and 0 . 3  s e c  a s  compared with 0.15 s e c  
or   less   noted  for   the  general   aviat ion  type of a i rp lane .  Compare f igu res  1 ( h )  and 3 
and no te  the  da t a  in  t ab le  I. 
Table I summarizes  the  data from the  cont ro l led  c rash  tests of a i rp lanes  d i s -  
cussed i n  th i s   paper .  The f l igh t -pa th   angle ,   p i tch   angle ,  and f l igh t -pa th   ve loc i ty  
a re  g iven  fo r  each  t e s t  number. (The nominal  values  of  the  roll  and yaw angles   (not  
included)  were essent ia l ly  zero  wi th  the  except ion  of t e s t s  9, IO, FAA-2, and FAA-3, 
which  were tests with planned roll  and/or yaw angles . )  Also presented i n  t a b l e  I a r e  
the  experimental  normal  and  longitudinal  pulse  data (i.e., maximum dece lera t ions ,  
pulse   durat ion,   veloci ty   change,  and impulse).   Calculated  impulse and ve loc i ty  
changes are included for  the normal-direct ion pulse  data .  
5 
Crash ideal izat ion.-  To analyze such a complex crash scenario,  a s impl i f i ed  
s i tua t ion  ( see  ske tch  A )  is considered and certain simplifyinq assumptions 
a r e  made. In  general ,   the  path  of  the  airplane w i l l  be a t  a f l igh t -pa th   angle  y t o  
the  horizontal   impact  surface,   whereas  the  longitudinal  (pitch)  axis  angle 0 t o   t h e  
impact surface may be d i f f e r e n t  from t h e  f l i q h t  p a t h .  
Airplane c.g.  
P i t ch  ax i s  
Sketch A 
The airplane  has  a ve loc i ty  Vf a long   the   f l igh t   pa th .  The mass of the   a i rp lane  is  
assumed t o  be concen t r a t ed  a t  ti?, c.g. (between the cockpit and cabin area on the  
main spar  i n  most  of the tes ts) .  Aerodynamic forces  and e l a s t i c i t y  of t he  s t ruc tu re  
are  neglected,  and yaw angles  and  ro l l  anqles  a re  not  cons idered  i n  the  present  ana l -  
ysis.   Impulsively  induced  rotational  acceleration of t he  a i rp l ane  i s  neglected  dur- 
ing the major impact, and the airplane is assumed to be f r e e  t o  s l i d e  unopposed  by 
any  forces  para l le l  t o  the  impact  surface.   Assessing  anqular  accelerations from f i l m  
coverage of the  cont ro l led  c rash  tes t s  is very  d i f f icu l t ,  and ,  i n  ac tua l  acc iden t s ,  
angular   acce le ra t ions  are v i r tua l ly   imposs ib le   to   es t imate .  The possible  conse- 
quences of neglec t ing  the  angular  acce lera t ions  of t he  a i rp l ane  and  assuming a f r i c -  
t i o n l e s s  s i t u a t i o n  w i l l  be discussed more f u l l y  when ana ly t i ca l  p red ic t ions  a re  com- 
pared with experimental data. 
Equations of motion.-  According to  ske tch  A, the coupled equations of motion of 
the center of g rav i ty  of the airplane in  the gravi ty  axis  system ( X - Z  p l a n e )  a r e  
rnx = F X ( t )  
.. 
mz'  = F Z ( t )  
Iw = e F Z ( t )  + hFX( t )  
6 
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Measured dece le ra t ions  are i n  t h e  a i r p l a n e  a x i s  s y s t e m  ( X a - Z a ) ,  and the t rans-  
formation equations from the X-Z t o  t h e  X,-Za axis systems are glven hy 
Xa = X cos  0 + Z s i n  0 
Za = Z cos  0 - X s i n  0 
The c r a s h  s i t u a t i o n  i s  basically an impulse problem; hence, the following approach 
u t i l i ze s  the  p r inc ip l e  o f  impu l se  and momentum which involves force,  mass, ve loc i ty ,  
-and time. 
Using  equations ( 4 )  and (5) and s u b s t i t u t i n g  i n t o  e q u a t i o n s  ( 1 )  and ( 2 )  gives  
mxa = F X ( t )  cos 8 + F Z ( t )  s i n  0 
.. 
( 6 )  
mza = F Z ( t )  cos 0 - F X ( t )  s i n  0 .. (7) 
With the  assumptions  previously  discussed,  equations ( 6 )  and ( 7 )  reduce t o  
mgXa = F ( t )  s i n  8 
Z 
mgZa = F (t)  cos 8 z 
.. 
.. .. 
where X, = x,/g and Za = za /q .   S ince   ro ta t iona l   acce le ra t ions  are neqlected,  
equation ( 3 )  1s no t   e s sen t i a l   i n   t h i s   computa t ion .  These  equations are uncoupled 
equat ions involving the hody-axis  decelerat ions in  g un i t s ,  t he  acce le ra t ion  due t o  
g rav i ty  q ,  t he  mass of the a i rp l ane ,  a v e r t i c a l  f o r c e  a t  the impact  surface,  and the  
p i tch  angle  of  the  a i rp lane .  
.. 
Rearranginq  equations (8)  and ( 9 )  g ives ,   r e spec t ive ly ,  
.. 
.. 
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Forces Normal to  Airplane Longi tudinal  Axis 
" 
In tegra t ion  of dece lera t ion  time h i s to r i e s . -  Based  upon observat ions of crash-  
dece lera t ion  h is tor ies ,  the  c rash  pulse  can  be approximated by a t r i a n v l a r  d e c e l e r a -  
t ion (force)  shape as idea l i zed  i n  sketch B. 
.. 
Z 
r a,  max 
.. 
0 
AtP A t  t 
Sketch B 
Using  equation ( l l ) ,  t he  t r i angu la r  approx ima t ion ,  and the  p r inc ip l e  of  impulse 
and momentum y ie lds  
.. 
F Z ( t )  d t  = mgza~max[~Atp  cos e % d t  + ( A tP ) d] = m AVz 
In tegra t ing  and s implifying equat ion ( 1 2 )  g ives  
mgZ a,max A t  = m AV 2 cos  e Z 
and,  thus, 
.. 2 AVz 
Z A t  = ~ 
a ,  rnax 9 
COS e ( 1  3 )  
However, i n  ske tch  A t he  ve loc i ty  change i n  t h e  v e r t i c a l  ( Z )  d i rec t ion ,  by neglec t ing  
r o t a t i o n   e f f e c t s  G, is 
8 
Thus, 
.. 2v 
‘a,  max 
A t  = - 
9 
f P  s i n  y cos e 
which is the impulse on the  a i rp l ane  normal to  the  long i tud ina l  ax i s  i n  terms of the  
f l igh t -pa th  ve loc i ty ,  f l igh t -pa th  angle ,  p i tch  anqle ,  and acce le ra t ion  due t o  
g rav i ty  . 
Note t h a t  t h e  mass of the airplane does not appear i n  equation (1 5 ) ;  however, 
t h e  e f f e c t  of mass w i l l  be r e f l e c t e d  i n  Za,max which i s  i n  nondimensional  gravity 
un i t s .  The c rash  da ta  from references 1 ,  2, and 8 t o  13 were analyzed i n  terms of 
equation ( 1 5 ) .  
.. 
Crash  impulse.- The impulse Za,max A t  i s  presented as a funct ion of the  change 
i n  v e r t i c a l   v e l o c i t y  AVns on log-log  plots  i n  f i q u r e  4. Values  of  the  impulse 
computed by using the airplane at t i tude parameters  i n  t a b l e  I a re  p re sen ted  in  f ig -  
ure   4 (a)   as  a funct ion of the computed ver t ica l   ve loc i ty   chanqe  AVns. The d i f f e r e n t  
symbols denote the various airplane types and include the data for controlled crashes 
of t r a n s p o r t  a i r p l a n e s  i n t o  d i r t  embankments. The l inear   curves   presented i n  f i q -  
u r e  4(a)  represent  ana ly t ica l  resu l t s  for  t ime-h is tory  approximat ions  of t r i anqu la r ,  
half-s ine,  and  square-wave  decelerations. The experimental   data   are  shown t o  be i n  
close agreement with the tr iangular-deceleration crash-pulse curve.  
The impulse  values  measured from the crash pulses  of t h e  a c t u a l  t e s t  d e c e l e r a -  
t ions  a re  presented  i n  f i g u r e  4 ( b )  a s  a funct ion of the experimental  velocity change 
AVns. The l i nea r  cu rve  in  the  f iqu re  r ep resen t s  t he  ana ly t i ca l  r e su l t s  fo r  a 
t r iangular -dece lera t ion   pu lse .  Again, the measured  impulse  data  are i n  good aqree- 
ment wi th  the  ana lyf ica l  resu l t  def ined  by a t r iangular-decelerat ion crash-pulse  
shape . 
To e s t a b l i s h  t h e  v a l i d i t y  of the assumptions which l ed  to  the  uncoupled  equa- 
t ions  of motion for the crash impact,  calculated impulses are plotted as a funct ion 
of the  experimental  impulses i n  f i gu re  5. The s o l i d  l i n e  i n  t he  p lo t  r ep resen t s  t he  
l i n e  of perfect  agreement.  The dashed  l ine  represents  the  least-squares  curve f i t  
passing  through  the  plot   origin.  The da ta   ind ica te   tha t   the   ca lcu la ted   va lves  of the 
crash  impulse  (eq. ( 1 5 ) )  are  approximately 19 percent  lower  than  the  experimental 
va lues .   These   d i f fe rences   a re   a t t r ibu ted ,  i n  pa r t ,   t o   t he   anqu la r   acce l e ra t ions  
induced by the crash impact which a re  ignored  in  th i s  s impl i f ied  t rea tment  of the  
problem . 
Flight-path-angle  effects.-  The parameter Za,max/Vfp is  presented  as  a func- 
t i o n  of the  crash-impulse  duration A t  on a loq-loq  plot  i n  f i qu re  6 t o  i l l u s t r a t e  
t h e  e f f e c t  of f l iqht-path  anqles  of -15O, -30°,  and -45O. The experimental   crash 
data obtained a t  a flight-path angle of approximately -3OO i s  i n  qood agreement with 
a n a l y t i c a l  r e s u l t s .  The dashed  l ine  fa i r inq  the  exper imenta l  c rash  da ta  obta ined  a t  
a f l igh t -pa th  angle  of about -1 5O indica tes  tha t  the  exper imenta l  da ta  for  the  t es t  
condi t ions  tend  to  be somewhat h igher  than  the  ana ly t ica l  resu l t s .  This  d i f fe rence  
is a g a i n  a t t r i b u t e d ,  i n  p a r t ,  t o  t h e  e f f e c t s  of angular  acce lera t ions  n o t  included i n  
the  s impl i f ied  c rash  model,  and it a p p e a r s  t h a t  t h e  e f f e c t s . a r e  more pronounced f o r  
the lower f l ight-path angles .  
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Trend of Normal-Deceleration Pulse Durations 
In  the  ser ies  of con t ro l l ed  c ra sh  t e s t s ,  t he  a i rp l anes  were t e s t e d  a t  a cons tan t  
f l ight-path angle  of -15O with the pitch angle varying from  approximately 15O (nose 
up)  to  -1 5 O  (nose down). 
I n  f i gu re  7, the duration of the normal decelerations is p l o t t e d  as a funct ion 
of t he  p i t ch  ang le  fo r  a cons tan t  f l igh t -pa th  angle  of -1 So. Although there is  s c a t -  
ter associated with the var ious decelerat ions i n  the cabin and cockpi t  a reas ,  a de f i -  
n i t e  t r end  is evident  as shown  by the  fa i red  curves  i n  f i g u r e  7. The var ia t ion of  
pulse  durat ions is a l o g i c a l  one s ince  the  shor tes t  pu lse  dura t ions  occur  for  smal l  
pi tch  angles .  Such crash  a t t i tudes  p lace  the  minimum a i r c r a f t  s t r u c t u r e  between the  
impact  surface  and  the  seat-structure  attachments.  With limited s t ruc ture   for   c rush-  
ins ,  shor t -dece lera t ion  pulses  and hiqher peak  values  should be expected. For e i t h e r  
nose-down o r  nose-up p i t ch  ang le s  a long  the  f l i gh t  pa th ,  add i t iona l  a i r c ra f t  s t ruc -  
t u re  becomes ava i l ab le  fo r  i nc reas ing  the  e f f ec t ive  ve r t i ca l  c rush inq  d i s t ance .  The 
va r i a t ion  of the normal-deceleration pulse duration as a funct ion of pi tch angle  is 
bas ica l ly   parabol ic .  For completeness of presentat ion,   the   equat ion of t he   so l id  
fa i red curve i n  f i g u r e  7 is  given as 
Although t e s t s  were also conducted a t  a f l ight-path angle  o€ -3OO , t he  p i t ch  
a n g l e  f o r  a l l  t h e s e  t e s t s  w a s  approximately 8 = -3OO; thus,  t r e n d s  f o r  t h e s e  t e s t s  
cannot  be  evaluated. However, the  avai lable   pulse-durat ion  data   are   presented i n  
t ab l e  I and range from  0.05 sec  up to  approximately 0.15 sec.  It is i n t e r e s t i n g  t o  
note and worthy of repeating that the pulse durations for the general aviation type 
of airplanes ranqed from 0.05 t o  0.15 sec,  whereas the transport  and fighter-type 
a i rp l anes  had a crash-impulse duration from 0.1 5 t o  0.3 sec.  
S t ruc tu ra l  Crush  During Major Impact 
Since good agreement w a s  obtained between  computed  and experimental impulses on 
the airplane,  an analyt ical  expression €or  crush dis tance was a l so  eva lua ted  by using 
l imi ted  ava i lab le  da ta  from high-speed motion-picture film of two of the  c rash  tes t s .  
An a n a l y t i c a l  e x p r e s s i o n  f o r  t h e  s t r u c t u r a l  c r u s h ,  r e a d i l y  d e r i v a b l e  f o r  t r i-  
angular  pulse  shapes ( i n  terms of impact parameters),  i s  
where K, a shape  factor ,  i s  equal t o  1 f o r  a symmetric  tr iangle and t o  4/3 fo r  a 
ramp-type t r i a n g l e .  
10 
I n  f i g u r e  8, sc from  equation (16)  is plot ted  aqainst   he   parameter  .. 
za,  max 
( V f D  s i n  y12 
fo r   t he  NASA c r a s h  t e s t s .  As shown i n  the   f igure ,   the   ca lcu la ted  
val;es of sc (sol id   symbols)  l i e  e i ther   a long   or   near   the   l ine   for  a ramP-tYPe 
t r iangular  pulse  shape.  
Two data points (open symbols) from film analysis are included for tests 7  and 8 
and indica te  tha t  the  c rush  of the  a i rp lane  i n  the Z-gravi ty  direct ion during the 
major impact can be reasonably determined by using equat ion (16)  alonq with the mea- 
sured za , max. Test  7, which was a very  severe  c rash  s i tua t ion  ( y  = -47.5O, 
8 = -47.25O), aq rees  be t t e r  w i t h  the symmetric t r i a n g u l a r  v a r i a t i o n ;  however, the 
r e s u l t s  from using equation (16) give a conservat ive est imate  of the crush distance.  
As a matter of in te res t ,  the  c rush ing  d is tance  assoc ia ted  wi th  the  ramp-type 
t r ianqular-decelerat ion pulse  shape i s  la rqer  than  d is tances  for  a symmetric tri- 
angle,  a ha l f  s ine ,  a square,  or  a n  abrupt leading-edge triangular pulse shape with 
equal peak dece lera t ion  and ve loc i ty  change. 
.. 
~ 
Forces  Paral le l  to  Longi tudinal  Airplane Axis 
I n  the case of the  longi tudina l  dece lera t ions ,  the  overa l l  dece lera t ion  t ime 
his tory has  a more complex character  as  depicted i n  sketch C. 
t n t 
P 
Sketch C 
The longi tudina l  dece lera t ion  d u r i n q  the major impact could also he approximated as 
t r i a n g u l a r  ( f i g s .  1 ( b )  and 3) ; however, the  velocity  change AV must include  an 
add i t iona l  AV2 which is associated  with a sl ide-out  over  the  impact  surface.  
Considering f i rs t  the  sl ide-out  period  between A t  and tl g ives ,  from  a  work- 
k ine t ic  enerqy  re la t ionship ,  
1 
F s = - m A V  2 2 2 2 
where F2 = p g  and p i s  the dynamic c o e f f i c i e n t  of s l i d i n g   f r i c t i o n   o r  
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Thus, t h e  change in  ve loc i ty  du r ing  the  s l i de -ou t  is  
AV2 = 6 (1 8) 
It is  a l s o  known t h a t  t h e  o r i g i n a l  component of h o r i z o n t a l  v e l o c i t y  j u s t  p r i o r  
to  impact is (see  ske tch  A )  
AV cos y 
f P 
AVh = V COS y - 
f P AV2 
or 
It i s  a l so  ev iden t  t ha t  equa t ion  (1  9 )  i s  a component  of t h e  o r i g i n a l  AV a long the 
a i rp l ane  Xa-axis o r  
AVh = AV cos  8 = V cos  y - 6 
1 f P 
and  the  ve loc i ty  change  para l le l  to  the  a i rp lane  X,-axis i s  
Using equation (101, the deceleration t ime-history approximation of sketch C 
during  the  major  impact (0  t o  A t ) ,  and impulse-momentum p r i n c i p l e s  y i e l d s  
(20) 
1 2  
In t eg ra t ing  and  s impl i fy ing  y i e lds  
- 1 *. 
2 mgXa,max A t  = m AV 1 
or 
.. 9 
X A t  = d Avl a , max 
By subst i tut ing equat ion (21)  into equat ion (231,  the longi tudinal  impulse 
becomes 
.. 2 
'a , max A t  = g cos  e p f p  
The longi tudina l  c rash  
of equation  (24).   Figure 9 
aga ins t  t he  ve loc i ty  change  
da ta  from the crash-test  programs were ana lyzed  in  terms 
presents   the  longi tudinal   impulse 
p a r a l l e l  t o  the  a i rp l ane  long i tud ina l  ax i s  , which is  
.. 
'a , max A t  p l o t t e d  
expressed i n  terms of the impact  veloci ty  and s l ide-out  parameters. Analyt ical  
curves are shown i n  t h e  f i g u r e  for  a t r iangular -dece lera t ion  pulse ,  a half-s ine 
pulse,  and a square  pulse .   Al though  the  longi tudinal-pulse   data   in   f igure 9 show 
somewhat g r e a t e r  scat ter  than the crash data  normal  t o  t h e  a i r p l a n e  ( f i g .  4 ) ,  t h e  
trend of the impulse i s  bas i ca l ly  a long  the  ana ly t i ca l  cu rve  fo r  t he  t r i angu la r  pu l se  
shape  with some da ta  nea r  t he  ha l f - s ine  ana ly t i ca l  cu rve .  As w a s  t he  case f o r  t h e  
crash data normal t o  the  a i rp l ane ,  t he  long i tud ina l  da t a  ob ta ined  from the  t r anspor t  
c rash  tests ( r e f s .  1 and 5) i n t o  t h e  d i r t  embankments a l s o  f a l l  on the  same a n a l y t i -  
cal  curve as the  gene ra l  av ia t ion  c ra sh - t e s t  r e su l t s .  Note that   the   agreement  
between the analyt ical  and experimental  longi tudinal  crash data  involves  several  
orders of magnitude on both the velocity change and impulse scales. 
\ 
Horizontal Slide-Out Distance 
As i n d i c a t e d  i n  s k e t c h  C of  the  prev ious  sec t ion ,  the  hor izonta l  s l ide-out  d i s -  
tance fol lowing the major impact i s  a parameter o f , impor t ance  in  a s ses s ing  the  
longitudinal-impulse  data.   Slide-out  distances were determined for most  of t h e  NASA 
data. The velocity  change AV2 which  occurred  during  the  s l ide-out  are p resen ted   i n  
f igu re   10  as a func t ion  of the   s l i de -ou t  measurements. The AV2 values w e r e  
determined  from  the known €light-path  velocity  and  the  measured AV1 values  during 
t h e  major impact. 
A s  shown i n  f i g u r e  10, the bulk of the  s l i de -ou t  d i s t ances  l i e  a l o n g  t h e  l i n e  
for p CJ 0.42. with  the  measured  sl ide-out  distances,   and  the  velocity  change  during 
t h e  major impact, equat ion  (18)  w a s  used t o  determine  the  values  of p. Several  l o w  
d a t a  p o i n t s  are t h e  r e s u l t  of the  a i rp l ane  s l id ing  on ly  on  the  nose  s t ruc tu re  and  
r o l l i n g  on the  main gear during  the  s l ide-out   per iod.  The average value of ~1 of 
approximately 0.42 i n c l u d e s  s l i d e  d i s t a n c e s  on concrete ,  asphal t ,  and qrassy sur-  
faces.  N o  plowing  into  the  surfaces  occurred;  thus,   the  data do n o t  reflect  t h a t  
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aspect of a crash scenario.  The c ra sh  t e s t s  w i th  the  longes t  s l i de -ou t  d i s t ances  in  
f igu re  10 were rocke t -ass i s ted  c rash  tes t s  a t  h ighe r  f l i gh t -pa th  ve loc i t i e s .  
Application of Resul ts  
In  the previous sect ions,  impulse data  for  the crash tests were determined i n  
terms of impact  parameters  of  the airplane pr ior  to  ground contact  and for  s t ructural  
crush  and  s l ide-out   dis tances   af ter   the   impact .   In   the  analysis ,   assumptions were 
made which led  t o  uncoupled equations that gave only the product of the deceleration 
and  time for  the  crash  pulse.   Nothing  inherent  in  the  analysis  gave  the  magnitude  or 
durat ion.  However, the  data   can be u s e f u l  i n  a number of appl icat ions  wherein rea- 
sonable  estimates  can be made of the  magnitude  and  durations of the  crash  pulse .  Two 
app l i ca t ions  a re  b r i e f ly  ou t l ined  as fol lows:   assessing  crash-pulse   data  from post-  
c rash  ana lys i s  of  an a i rp l ane ,  and assuminq crash-scenario parameters from  which 
other  parameters  are  es t imated or  evaluated.  
Postcrash appl icat ions.-  Frequent ly ,  it is  poss ib le  to  obta in  reasonable  es t i -  
mates  of a number of crash parameters by examining the crash s i te  and the  a i rp l ane  
involved.  Consider,   for  instance,   crash 8,  of  which several   postcrash  views  are  
shown i n  f i gu re  1 1 .  An assessment of the damage p a t t e r n  and  crushing  of  that a i r -  
p l ane  ind ica t e s  t ha t  t h i s  c r a sh  w a s  most  probably a nose-down impact; hence, the 
f l ight-path angle  and p i tch  angle  were  probably  equal i n  magnitude. An evaluat ion of 
the crush pat tern i n  f i qu re  11 t r a n s f e r r e d  t o  f i q u r e  1 2 ,  which has station reference 
l ines ,   g ives   an   es t imated   f l igh t -pa th   angle  y of -3OO and p i tch   angle  0 of -3OO 
with  an  es t imated  s t ructural   crush  dis tance sc of  approximately 0.95 t o  1.1 m. 
Accident data summarized i n  re fe rences  15 t o  1 7  indicate  that  impact  angles  <30° 
and s t a l l  condi t ions are predominant for crashes of l ight,  general  aviation airplanes 
involv ing  ser ious  in jur ies .  Hence, the  impact   veloci ty  w i l l  be  assumed t o  be  approx- 
i m a t e l y  t h e  s t a l l  v e l o c i t y  of th i s   type  of a i rp lane .  Thus, the  es t imate  would be 
V = 30 m/sec 
f P  
Postcrash measurement  of the  s l ide-out  d i s tance  from the  poin t  of impact 
indicated 
s = 3 8 m  
In a crash assessment,  an evaluation of t h e  c o e f f i c i e n t  of s l i d i n g  f r i c t i o n  
would be necessary  along  with  the  sl ide-out  distance.  For the  majority of data  of 
t he  p re sen t  r epor t ,  t he  coe f f i c i en t  of s l i d i n g  f r i c t i o n  was approximately 0.4. Thus, 
from f igu re  10 f o r  a s l ide-out   d i s tance  of 38 m, t he   ve loc i ty  change AV2 would be 
AV2 2 18  m/sec 
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AVl = 9 m/sec 
and the ver t ical  veloci ty  change,  by using equation (141 ,  is  
AVns = 15 m/sec 
With the aforementioned data, normal and longitudinal impulses and pu l se  durat ions 
a re  ca lcu la ted  for  ho th  the  ramp-type t r ianqular  pulse  and the symmetr ic  pulse  to  
i l l u s t r a t e  t h e  s h a p e  e f f e c t s  on the  approximations  to  the  crash  data.  Thus,  equa- 
t i o n  ( 1  5) gives the normal impulse 
.. 
z A t  = 2.65 sec  
a ,max 
Also, solving  equation ( 1  6 )  f o r  Z and u s i n q  an average value of 1.03 m €or 
sc y ie lds  
.. 
a,max 
.. 
z = 25.7g a , max 
f o r  t h e  ramp-type t r iangular  shape  or  
Z 
.. 
a , max = 19.3g 
f o r  a symmetric t r iangular   shape.  Using these   resu l t s   g ives  A t  = 0.1 03 sec   fo r   t he  
ramp-type t r iangular -pulse   dura t ion   or  A t  = 0.1 37 sec  fo r  t he  symmetric t r i anqu la r -  
shape duration. 
For  the longi tudinal  decelerat ion of the airplane,  equat ion ( 2 4 )  qives 
.. 
'a , max A t  = 1.88 sec  
As a reasonable  expectat ion,  the dura t ion  of the  longi tudina l  c rash  pulse  is taken to  
be the same as   the  durat ion of the  normal  pulse. Hence, = 18.39 f o r   t h e  
ramp-type t r iangular   shape  and Xalmax = 13.7g for  the  symmetric  tr iangular  shape. 
A comparison of the previously given approximations of the crash results with the 
expe r imen ta l  da t a  fo r  t h i s  t e s t  is presented i n  t a b l e  11. 
'a, may 
A comparison of the calculated and experimental crash parameters i n  t ab l e  11 
ind ica tes  tha t  wi th  reasonable  a f te r - the- fac t  estimates on the  a i rp l ane  a t t i t ude  and  
crush dis tances ,  acceptable  values  can be ca l cu la t ed  fo r  a number of parameters of 
interest .   Furthermore,   wi th   experimental   data   avai lable  from con t ro l l ed   c r a sh   t e s t s  
as a da ta  base ,  t he  ana ly t i ca l  expres s ions  p re sen ted  in  th i s  pape r  a l low the sens i -  
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t i v i t y  of cer ta in  parameters  to  var ia t ions  in  o ther  parameters  to  be  readi ly  eva lu-  
ated. This permits a reasonable  range to  be placed on parameters with a knowledge  of 
how the range w i l l  a f f e c t  t h e  most  important  crash parameters  of  interest  in  a par- 
t i cu la r  c rash  event .  
Assumed crash  scenar io . -  In  addi t ion  to  the  appl ica t ion  of  the  impulse  da ta  for  
postcrash evaluat ion,  the data  may a l s o  be u t i l i z e d  t o  e v a l u a t e  a number of parame- 
ters €or  an assumed c r a s h  s i t u a t i o n  of i n t e r e s t .  For  example,  consider  the 
following: 
An airplane  impacts  along a fl ight-path  angle  of y = -15O with a p i t ch  anq le  
of 0 = Oo. The c r a s h  s i t u a t i o n  is e s s e n t i a l l y  a f l a t  impact which places   the mini -  
mum s t r u c t u r e  between the seat/occupant floor attachments and the impact surface.  
S t a l l  ve loc i ty  is again assumed fo r   t he   f l i gh t -pa th   ve loc i ty  V = 30 m/sec. These 
assumptions  give f P  
y = -15O e = 00 V = 30 m/sec 
f P  
From equation ( 1 41, 
AV = 30 s i n  15O = 7.8  m/sec ns 
From equation ( 1  51, 
.. ( 2 )  ( 3 0 )  ( s i n  15" 1 (cos Oo 1 
9.8 'a, max at = 
~ ." - = 1.6 s e c  
and 
.. 
'a,  max, 
from equation ( 1 61, then gives 
Z 
.. 4 - [30(s in  15O)J 2 cos Oo 
a,max 3sc(9.8) 
.. 
" 
8.203 - 
'a, rnax S 
C 
Calculat ions of Za,max fo r  var ious  assumed crush distances can be  made; or ,  
.. 
conversely,   for  assumed o r   des i r ab le   t he   r qu i r ed ,   e f f ec t ive ,   s t ruc tu ra l  
c rush   d i s tance  sc can  be  evaluated. For the  sake of i l l u s t r a t i o n ,  assume 0.3 m of 
crushing (lower end of crushing for approximately seven crash tests shown i n  
f ig .   10) .  Thus, 
s = 0.3 m 
C 
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Then, from the  previous  equat ions ,  
Z 
.. - "= 27.39 
a ,  max 0.3 
and 
A t  = - 27 = 0.059 sec 
A number of variations using the aforementioned approach can be examined t o  
assess the  inf luence  of the  var ious  parameters on the expected decelerat ions,  times, 
and  crush  dis tances .   For   the  longi tudinal   decelerat ions of the  scenario,   equa- 
t i on   (24 )  gives 
X A t  = 0.204(28.98 - 2 - 8 6 ]  
.. 
a ,  max 
where = 0.4 has  been assumed.  With the  qiven  condi t ions,   the   f fects   of   var ious 
veloci ty   changes  or   the  s l ide-out   dis tance s fol lowing  the major impact  can be 
determined. The l i m i t a t i o n  on the   s l ide-out   d i s tance  s would have to  be 
which would imply e s s e n t i a l l y  no velocity change during the major impact. A number 
of the   cont ro l led   c rash  tests indicated  veloci ty   changes AV1 between 4 t o  10 m/sec 
dur ing  the  major impact. If  similar velocity  changes are assumed f o r  t h i s  example, 
t h e  r e s u l t  would be 
.. 
X A t  = 0.204 AV a ,  max 1 
= 0.82 sec 
= 2.04 sec 
(AV = 4 m/sec) 1 
(AV = 10 m/sec) 
1 
17 
By us ing  the  pulse  dura t ion  assoc ia ted  wi th  the  ver t ica l -dece lera t ion  pulse ,  the 
dece lera t ions  would be,  for the velocity change of 4 m/sec, 
.. 
X 0.82 =” a,max 0.059 
- 
f o r  t h e  v e l o c i t y  
X 
.. - 2.04 - 
a,max 0.059 
”-
13.9g 
change  of  10  m/sec, 
34. ‘sg 
corresponding s l ide-out  dis tances  would be 
s =  
where, for the velocity change of 4 m/sec, 
2 
s = (28*:8[ ‘) = 79.6 m 
and, for the velocity change of 10  m/sec, 
With knowledge of expected deceleration maqnitudes 
d is tances ,  s l ide-out  d i s tances ,  and velocity chanqes,  a 
for  var ious  e f fec t ive  c rush  
designer  would have the basis 
f o r  a l t e r i n g  t h e  s t r e n g t h  of fuselage subfloors  to  lower the force level  during col-  
l apse ,  for  des igning  sea ts  to  incorpora te  load- l imi t ing  fea tures ,  and fo r  eva lua t ing  
other  aspects  of des ign  for  a goal f o r  a par t icular  upper- l imit  crash-design sce-  
nar io .  Obviously,  there  are  limits t o  what can be  done to  ex tend  the  range  of  c r i t i -  
ca l  c rash  parameters  to  encompass a s  many crash  s i tua t ions  as  poss ib le  whi le  improv- 
inq  c rash  surv ivabi l i ty .  However, with  s implif ied  analyses  which  provide  reasonable 
es t imates  of crash parameters and with a data  base of experimental  information with 
which t o  compare, design changes could begin to  f ind their  way i n t o  a new generat ion 
of airplanes which hopefully could improve the crash Survivability of occupants. 
CONCLUDING REMARKS 
An analysis has been made of crash-decelerat ion pulse  data  from a crash-dynamics 
program on genera l  av ia t ion  a i rp lanes  and from previous ly  publ i shed  t ranspor t  c rash  
da ta  ava i l ab le  i n  the  literature.  This  crash-dynamics  program  has  been a j o i n t  
18 
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e f f o r t  s i n c e  1973 by the National Aeronautics and Space Administration (NASA) and the 
Federal  Aviation  Administration ( F A A ) .  The purpose  of  the  analysis was t o  c o r r e l a t e  
and a s ses s  s t ruc tu ra l  a i rp l ane  c ra sh  da ta  wi th  f l i gh t  pa rame te r s  a t  impac t .  
In the analysis,  assumptions made to  s impl i fy  the  complex crash  scenar io  led  to  
uncoupled equations for the normal and longitudinal impulses i n  the cabin area of the 
a i rp lane .   Analy t ica l   express ions ,   s t ruc tura l   c rush   d i s tances ,  and s l ide-out  were 
also determined. Good agreement w a s  found  between  experimental and a n a l y t i c a l  d a t a  
for  the  genera l  av ia t ion  and t ransport  a i rplanes over  a wide range of impact 
parameters. 
Applications of the  ana lys i s  were presented for postcrash evaluat ion of crash  
parameters  and a n  assumed crash  scenario.  Although  the  values of a i rp l ane  c ra sh - t e s t  
parameters associated with the data of th i s  repor t  cannot  be considered comprehensive 
€or a l l  c rash  s i tua t ions  encountered  by l igh t  a i rp lanes ,  they  a re  be l ieved  to  be  
typ ica l  of  a large  percentage  of  crash  si tuations.   Thus,   the  information i n  t h i s  
r epor t  is be l i eved  s ign i f i can t  t o  assess loads a t  the seat/occupant structure i n t e r -  
f ace  fo r  gene ra l  av ia t ion  a i rp l anes  du r ing  se r ious  bu t  po ten t i a l ly  su rv ivab le  
crashes.  
Langley Research C e n t e r  
National Aeronautics and  Space  Administration 
Hampton, VA 23665 
September 20, 1982 
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TABLE I.- SIHMARY  OF  DATA FROM CONTROLLED  CRASH TESTS OF  AIRPLANES 
(a )  Experimental a n d  c a l c u l a t e d  n o r m a l  p u l s e  P a r a m e t e r s  
I I I C a l c u l a t e d  n o r m a l  p u l s e  p a r a m e t e r s  I E x p e r i m e n t a l   n o r m a l   p u l s ea r a m e t e r s  
F l i q h t - p a t h   P i t c h   a n q l e ,   v L i y h t - p a t h  
Test  I a n q l e ,  y, de91 0, d e q  1 V f P ,  n / s r c  1,. d e c e l e r a t i o n ,  1 d u r a t i o n ,   I V e l o c i t y   c h a n q e , (  ,, I m p u l s e ,  ' I m p u l s e ,   V l o c i t y  
za ,max,  9 u n i t s  A t ,  sec AVz, m/sec A t ,  sec 
A t ,  =.ec 
h v Z ,  m/sec 
I 2 I -16 -1  2  27  20 
3   -18 .75  -1 8 26.2 
4 
28 
5  -20.5 
27 1 6  
~ - 1 t . 5  26.1 
6 -1 6 14  27 1 8  
\ 
-1 5 
0.089 
.O 5 
8.5 
8.5 . l o 2  
8.74 
.110 10 .4  
1  .78 
1 .63 
1 .9B 
1 . 4 9  
1 .63  
1  .42 
1.76 
1 .47 
7.44 
8.42 
6 .99  
9.1 4 
7 .44  
~~ 
7 
8 
9 
1 0  
11 
~ ~~ 
-47.5 1 -47.25 28.6 1 20 
27 -30  -31 
-1  6 
-1 8 
-1 3 
-1 4  27.8 
26.3 
-31  -27  25 1 2  .1 32   10  
1 8  
~~ I 0 . 1 7 4  1 20.73  . 1 3 5   1 3  3.48 2.43  2.36  13.5 
1.44  7 .25 
1  .70 
1.58  2.34  12.87 
8.59 
1 2  - 1  5  9   25  12  0 .149  9 .5   1 .79 1 .30 6.47 
13  -29  -26  25  27  .049  13  1.32  2.22  12.1  2 
1 4  
1 5  
-16.75 
-18  
-11  .75  32.7  1.88  9.42 
-1 2 41 46  .O 64  17  2 .94  2 .53 
16  
12.67 
-1 5  -4  40  46  .054  15  2.48 2.11 10 .35  
18 
1 7  - 30  -38  40  42  0.097  19  4.07  3.22  20.0 
1 9  
13 .5  
20 
21 
-30 
-1 5 
-15 .4  2  26.6 
- 30  -29.5  27.1 
-31  27.9  27.2  .083  11.3  2.26 
-17.7 
2.34 
27 1 6  .1 2 
31 .057 
29.9 .096 12.3  2 .87  2 .39  13.5 
1 0 . 6  1.92  1 .38  .99 
6.99 9 .1 1.77 1 .43 
FAA-1 -32  -30  25 21 0.1  20  11  2.52 
FAA- 2 -1  3.5  23  7 .1 60  6 1.12 
FAA-3 -34.5 
FAA- 4  -32 
-39 
-34.5 
25.9 
25.3 
-1  7 
1 8  .12 
18 .1 3 
13 .8  
14 .8  
2.2 
2.34 
2.34 
2.33 
1 .33  
2 .25  
13 .24  
6 .72  
14.7 
13.41 
F i g h t e r   ( r e f .   2 )  I 2 I i , jii 1 !! 30 I 2 2  0.1421  3  I 2 2  4 * 2 6  1 :4 1 ;::;: 
-27  37.5  .13  0.21  21.6  4.88  4.62  4.1 3 22.7 - 
T r a n s p o r t   ( r e f .   1 )  -1 4 -1 4 
-27 
48 .7  
48.7 -27 
11 .4 
23.3 
0 .25  
.2 1 
1 2  
21 
2.85 
4.89 
2.33 11 .R 
4.02 22.1 
T r a n s p o r t   ( r e f .   5 ) :  
-I: I -~~ 1 -55 -55 
b V a l u e s  a t  t h e  c.9. 
a V a l u e s   i n   t h e   c o c k p i t .  
F.S.  11 65 
F.S.   685 c.9. 
57.7 
7  0 .26  9 .4  
Cub t y p e   ( r e f .  3) 26 .8  
-55 21 
-55 18.8 
Y 
TARLE I.- Concluded 
( h )  E x p e r i m e n t a l   o n q l t u d l n a l   p u l s e   p a r a m e t e r s  
T e s t  
1 
8 
1 0  
9 
11 
12  
14  
1 3  
1 6  
1 5  
~~ ~~ 
1 1  
1 8  
20 
1 9  
21 
FAA-1 
FAA- 3 
FAA- 2 
FAA-4 
deq  
-1 6 
-1a .75  
-1  5 
-20.5 
-1 6 
-41 .5  
-1  6 
-30 
-1 8 
-31 
-1 5 
-29 
-16.15 
-1  8 
-1 5 
-30 
-30 
-1 5 
-1 5.4 
- 30 
-32 
-1 1 
-34.5 
-32 
- 
E x p e r i m e n t a l   l o n q l t u d i n a l   p u l s e   p a r a m e t e r s  
I l q h t - p a t h   P i t c h  
a n q l e ,  y ,  a n q l s ,  F l l q h t - p a t h  Maxln'lm Pulse V e l o c i t y  Impulse 
-1 2 
-1  8 
19 0.06 6 1 .14 2 1  
8 .1 1 0  3.1 ~ .86 21 14  
26.1 -19.5 
.7 1 
.79 
7 . lo1  5 27 4 
18   .044  4.3 26.2 
16  .058  5  
-4 .062 4 
.9 3 
.744 
-38 
5.5 .088 4 2 1  - 1 1 . 1  
15.2  .090  8.2 21.   -31 
22 0.068 10   40  
2 26.6  6.4  .052 1 .9 
-29.5 1 4  .1 12   10 .5  21.1 
-30 
-34.5  25.3  45 
-39  25.9 1 1  
-13.5 23  3.5  1.5 
22  0.110 8 25 
1 . 5  
1.37 
.48 
. 3 3 3  
1.57 
2.42 
.2 1 
2.21 
4.5 
T r a n s p o r t   ( r e f .   1 )  -14 -:: ~ 51.1 48.1 o ' 2 1  
2: 1 6.9 .36 -6  1.5 19.2 7.1 
T r a n s p o r t   ( r e  
F.S. 
F.S.  
F.S. .__ .~ .  1 F.S. 1 9 5  C.q. I I I  
Cub type   ( re f .   3 )   -55   -55   26 .8   25 .2   0 .19   4 .92  
-55  -55 21 22 .2 24 
-55  -55 18.8  18.4 .24 18.8  4.42 
"The v a l u e   4 . h   I n d i c a t e s   s l i d e - o u t  (see e q .   ( 2 1 ) ) ;  6 . R  d e n o t e s   t h e   a v e r n y e  of f i l m   a n d   s l i d e - o u t  
b V a l u e s  i n  t h e  c o c k p i t .  
-Value5 at the   c .q .  
a n a l y s i s ;   a n d  9 is  t a k e n   f r o m   f i l m   a n a l y s i s .  
T A B L E  11.- COMPARISON OF E X P E R I M E N T A L  AND E S T I M A T E D   C R A S H   P A R A M E T E R S  
P a r a m e t e r  
y, deq ................. 
9 ,  deq ................. 
V f p ,  m/sec ............. 
AV1, m / s e c  ............. 
AVns, m / s e c  ............ 
s, m ................... 
sc, m .................. 
......... I ZalmaX A t ,  sec .. 
................ I A t ,  sec 
......... I Xa,max A t ,  sec .. .. 
X, ,max, q u n i t s  ........ 
1 A t ,  sec ................ ~~ ~- . .  
. " 
E x p e r i m e n t a l  
-30 
-31 
27 
6 
13 
38 
1 .I7 ( f i l m )  
2.43 
18.0 
0 .135 
1.76 
16.0 
0.11 
. . . . . . . . . .  
Estimated 
( c o m p u t e d  1 
~~ ". - ~~ 
-30 
~ -30 
I 30 
9 
15 
0.95 to 1  . I  
(1  .03 av. 1 
2.65 
19.3 
26 .O 
0.103 t o  0.137 
1.88 
13.7 
18.3 
0.10 t o  0.137 
Time = -0.022 sec Time = 0.028 sec Time = 0.078 sec 
Time = 0.1 28 sec 
Time = 0.278 sec 
Time = 0 . 1  78 sec Time = 0.228 sec 
Time = 0.328 sec Time = 0.378 sec 
Time = 0.428 sec Time = 0.478 sec 
(a) Crash  dynamics. 
Time = 0.528 sec 
L-80-179 
Fiqure 1.- Crash-test results of a high-winq, single-enqine airplane. 
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(b) Decelera t ions .  
F igure  1.- Concluded. 
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(a)  Prior  to impact. (b) Time = -0.01 sec. (c) Time = 0.04 sec. 
(d) Time = 0.09 sec.  (e) Time = 0.14 sec. (f) Time = 0.19 sec. 
(9) Time = 0.24 sec. (h) Time = 0.29 sec. (i) Time = 0.34 sec. 
(j) Time = 0.39 sec. (k) Time = 0.44 sec. (1) Time = 0.49 sec. 
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Figure 2.- Photographic sequence of a crash t e s t  of a twin-engine airplane. 
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(a) Transport  airplane.  
Figure 3.- Typical t ime histories for normal and long , i t ud ina l  dece 
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(b) Fighter   a i rp lane .  
Figure 3.- Concluded. 
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(a )  Calculated normal impulse. 
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Figure 4.- Experimental and calculated normal-impulse data for airplane crashes. 
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(b) Experimental  normal  impulse. 
Figure 4.- Concluded. 
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Figure 5.- Calculated normal pulse plotted against  experimental  normal impulse.  
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Figure 6.- E f fec t  of f l ight-path angle  on normal impulses. 
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Figure 7.- Normal-deceleration pulse duration plotted against  pitch angle.  
y = -1 So; V = Constant. 
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Figure 8.- S t ruc tu ra l  c rush  normal t o  impact sur face .  
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Figure 9.- mperimental  and calculated longitudinal-impulse data for a i rp lanes .  
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( a )  S i d e  view. 
Figure 11.-  Postcrash photographs of controlled crash test of a general  aviation airplane.  
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(b) Three-quarter view of l e f t  s i d e .  
Figure 1 1 . - Continued. 
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(c) Three-quarter v i e w  of r ight  s ide .  
Figure 1 1 .- Concluded. 
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Measured  crush on drawing Crush  distances Scale  factors 
@ =  1.25 in. ZA = [(332) @8.8] [(0.3048/12)] 0.8 = 0.958 m 8.8/332 = @ZA @ =  1.45 in. 
Figure 12.- Airplane  with  station  reference  lines. A l l  fuselage s ta t ions and water- 
l ine  loca t ions  are given in  inches .  For consistency with the text,  crush 
dis tances  are qiven i n  meters. 
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